Introduction
The thermosphere is the outer gaseous shell of a planet's atmosphere that exchanges energy with the space plasma environment. The energy deposition of solar irradiation and magnetospheric inputs into the upper atmosphere can change the thermospheric density significantly. From a practical standpoint, unanticipated changes in the density of the thermosphere cause satellites to deviate from their anticipated paths, or ephemerides. Many studies have been pursued to investigate the variations of thermospheric densities caused by solar forcing, which includes solar irradiation and magnetospheric energy deposition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the quantitative examination of the impact of thermospheric density changes associated with solar forcing on satellite orbits is rare, given that the simultaneous measurements of thermospheric density and precise tracking data of satellite are sparse.
Recently, we utilized the measurements obtained from the Challenging Minisatellite Payload (CHAMP) and the Gravity Recovery and Climate Experiment (GRACE) satellites to study the impact of solar irradiation and solar wind forcing on thermospheric density and satellite orbits as well [e.g., [13] [14] . The CHAMP and GRACE satellites provided simultaneous observations for both thermospheric density and satellite orbit data. The CHAMP satellite was launched in July 2000 at 450 km altitude in a near-circular orbit with an inclination of 87.3°. Meanwhile, two identical satellites GRACE-A and GRACE-B were launched in March 2002 at approximately 500 km altitude, in near-circular 89.5° inclination orbits with GRACE-B following approximately 220 km behind GRACE-A. Then the mass densities are obtained from CHAMP and GRACE accelerometer measurements using standard methods [15] . Note that only GRACE-A data are used for this study, given that the mass densities from GRACE-A and GRACE-B show very similar variations. On the other hand, the GPS receiver aboard CHAMP and GRACE satellites can provide precise tracking data of the spacecraft orbits [16] . The change of satellite altitude is caused by thermospheric drag that is proportional to thermospheric density ρ [13] :
where r is the mean radius between the satellite and the Earth, C D is the drag coefficient, m is the satellite mass, M is the mass of the Earth, G is the gravitation constant and A is the surface area of the satellite. Therefore, these simultaneous observations from CHAMP and GRACE for both thermospheric density and orbit tracking data at a high temporal resolution provide a good opportunity to explore the impact of thermospheric density on spacecraft orbits in a quantitative way. Figure 1 shows the temporal variations of daily mean thermospheric density, decay rate of satellite orbit per day of CHAMP and the corresponding NOAA hemispheric power (HP) from 2001 to 2006. It is clear that the variations of thermospheric density are well correlated with those of satellite orbit decay rate. Both thermospheric density and orbit decay rate show evident seasonal and solar cycle variations. The seasonal variation of thermospheric density and the resultant change in the orbit decay rate are explained by the thermospheirc spoon effect [17] and the seasonal variation of the lower atmospheric forcing associated with eddy mixing in the mesopause region [18] . In addition, the long term trend of thermospheric density and orbit decay rate is mainly driven by the corresponding changes of solar forcing [19] , which is indicated by the F10.7 proxy and auroral hemispheric power HP [20] .
Solar activity dependence of thermospheric density and satellite orbit
There is a 27-day period variation of the densities, which is mainly caused by the periodic oscillation of solar radiation induced by solar rotation [3, 13] . The orbit decay rate of CHAMP, which is caused by the atmospheric drag, has the similar oscillations with the densities. Figure  2 gives the results for solar EUV flux, thermospheric densities observed by CHAMP and GRACE and orbital radiuses of the two satellites after a band-pass filter. The band-pass filter was centered at the period of 27 days, with half-power points at 22 and 32 days. It is obvious that both thermospheric densities and satellite orbital radiuses had a strong response to the 27 day oscillation in solar radiation. High correlations were found for the oscillations between thermospheric density, mean radius of the satellite orbit and EUV, especially when a strong quasi-27 day periodicity was present.
As seen in Figure 2 , the amplitudes of the oscillations in thermosperic density and mean radius of satellite orbit of CHAMP were larger than those of GRACE. Given that the altitude of the GRACE was about 100 km higher than that of the CHAMP, the effect of thermospheric drag was weaker at the GRACE altitude. The oscillation of mean radius of the satellite orbit per revolution was about 0.1 km for CHAMP, while it was about 0.05 km for GRACE during the first half of 2003. As the solar activity declines, the oscillations in thermospehric density and satellite orbit tend to decrease, for example in 2005.
Note that multi-day oscillations at the periods of 7 and 9 days were observed in the thermospheric densities [8] [9] [10] , which are caused by the solar wind high-speed streams and the associated recurrent geomagnetic activity. The effect of the multi-day oscillations in thermospheric density is also imbedded in the satellite orbital radiuses [13] . Besides the periodic oscillations, sudden enhancements of thermospheric density and decay rate of satellite orbit, which are caused by the geomagnetic storms, are also seen simultaneously in Figure 1 . the next section, we will give more details about the variations of thermosphere density and satellite orbits during the storm events.
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Orbital variations induced by CME and CIR storms
There are significant differences between geomagnetic storms driven by coronal mass ejections (CME) and by corotating interaction regions (CIRs)/high speed solar wind streams [21, 12] . Usually, the strength of magnetospheric convection electric field of a CME-storm is stronger than that of a CIR-storm [22] . However, the duration of a CIR-storm is oftern much longer than that of CME [23, 14] . Although the rate of solar wind energy input into the magnetosphere of CIR is far less than that during coronal mass ejection (CME) magnetic storm intervals, the energy input 
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Usually, the strength of magnetospheric convection electric field of a CME-storm is stronger than that of a CIR-storm [22] . However, the duration of a CIR-storm is oftern much longer than that of CME [23, 14] . Although the rate of solar wind energy input into the magnetosphere of CIR is far less than that during coronal mass ejection (CME) magnetic storm intervals, the energy input over longer durations of time, e.g., several days or even longer, can be greater during high speed stream intervals [e.g., [24] [25] [26] . In this section, thermospheric densities and the orbit parameters from CHAMP are used to address the responses of satellite orbital altitudes to geomagnetic activity caused by CME and CIR storms. Figure 3 shows, from top to bottom, the F 10.7 index, IMF B z , solar wind density and velocity, Dst, ap and AE indices, auroral hemispheric power (HP) and thermospheric densities observed by CHAMP, satellite orbit decay rate and total orbit decay on days 323-326, 2003. The detail for the calculation of orbit decay rate can be found in Chen et al. [14] . The proxy F10.7 varied around 170 during this period, indicating high solar activity condition for this case. A geomagnetic storm occurred at 0728 UT on day 324, which is indicated by vertical line in Figure  3 . This storm had a large IMF Bz southward component of about -46 nT during the main phase of the event. After the start of the storm, solar wind speed underwent a gradual increase from 500 km/s to 700 km/s on day 324. The storm had a minimum Dst of -422 nT, which made it a strongest storm in the 23rd solar cycle using the Loewe and Prölss classification [27] . The maximum values of ap and AE reached 300 nT and 1698 nT, respectively. The auroral hemispheric power also increased significantly with a maximum of ~300 GW, indicating enhanced particle precipitation energy deposited into the ionosphere/thermosphere. At about 0100 UT on day 325, Bz turned northward and AE and HP recovered gradually to their pre-storm values. In response to geomagnetic activity and energy deposition, thermospheric density increased significantly. The averaged thermospheric densities reached a maximum of 1.3×10 . Similar to the thermospheric density, the satellite orbit decay rate also reached a maximum of 279 m/ day at ~2100 UT on day 324. Both thermospheric density and orbital decay rate recovered to their pre-storm values around the end of day 325.
Another geomagnetic storm (Storm 2) we are focusing on was caused by high speed solar wind streams and the resultant CIR that hit the Earth at about 1900 UT on day 258. As shown in Figure 4 , this storm had a southward Bz excursion with a maximum amplitude of about 7 nT. The solar wind velocity increased from ~400 km/s to 800 km/s on day 261. The minimum of Dst for this storm was -57 nT on day 260, which denotes a moderate geomagnetic storm [27] .
The maximum values of ap, AE index and HP reached 132 nT, 1228 nT and 125 GW, respectively, which are much smaller than those in the CME in Figure 3 . Unlike the CME storm as shown previously (Storm 1), in which IMF Bz turned northward and AE, HP as well as thermospheric density, recovered rapidly after 0200 UT on day 325, this CIR storm had an oscillating IMF Bz that lasted for several days with high AE and HP values. Thermospheric density also stayed an elevated level till day 270. This is related to Alfvenic fluctuations in IMF and high speed streams that followed the CIR interval as discussed by Tsurutani and Gonzalez [23] and Tsurutani et al. [25] . The thermospheric density and orbital decay rate increased rapidly and reached the values of ~3.2×10 and 27 m/day, respectively. As indicated by the vertical lines in Figures  3-4 , the duration of Storm 1 was 1.59 days, and that of Storm 2 was 11.98 days. Thus Storm 2 persisted for a much longer period of time, which consequently produced sustained perturbations to thermospheric densities and satellite orbits.
The total changes of orbit mean semi-major axis induced by these two storms are then calculated by subtracting the observed variations in the semi-major axis from presumed semimajor axis variations as a result of the drag by the quiet-time, background thermosphere. For Strom 1, the storm-induced total variation of the semi-major axis was 130 m. For Storm 2, the corresponding variation was 242 m, about a factor of 1.8 of Storm 1. Storm 1 is evidently stronger, with deeper Dst minimum, stronger auroral activity, greater density changes and larger orbital decay rates than Storm 2; however, it lasted a much shorter time. Thus, the cumulative effect on thermospheric density and satellite orbit is less than that of Storm 2. As a result, the total orbit decay caused by a strong CIR-storm can be larger than that by a severe CME-storm. However, further comprehensive data analysis is required to explore the impact of CME and CIR storms on the satellite orbit changes in a statistical way.
Summary
Thermosphere densities can be inferred from the CHAMP and GRACE accelerometer measurements with much higher temporal and spatial resolution than previous satellite drag data in the upper thermosphere. Thus, the CHAMP and GRACE observations provide a unique opportunity to investigate the impact of thermospheric density changes associated with the solar forcing on satellite orbits. It is found that both thermospheric densities and the resultant satellite orbit change vary significantly with solar activity. The oscillation amplitude of mean radius of the satellite orbit per revolution, which is associated with the periodic oscillation of solar radiation induced by solar rotation, can be as large as 0.1 km for the CHAMP, while it was about 0.05 km for the GRACE.
The CHAMP and GRACE data have elucidated the thermosphere response to geomagnetic storms in unprecedented detail. However, the effectiveness of the CME-and CIR-type storms on satellite orbits is not well understood, albeit the differences between geomagnetic storms driven by CME and by CIRs/high speed solar wind streams were recognized from the interplanetary/solar wind structure viewpoint. Our case studies showed that the severe CME storm caused larger thermosphere density disturbance and the resultant orbital decay rates during its main phase, whereas it lasted a much shorter duration to compare with the CIR/ high speed stream event. However, the CIR storm can persist for many days and then produce sustained perturbations to thermospheric densities and satellite orbits. As demonstrated in our calculation, total variation of the semi-major axis was 242 m for the CIR storm during September [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 2003 in contrast to 130 m for the CME superstorm event during November 20-21, 2003 . Therefore, the CIR storm can also cause significant impact on the thermospheric density and the resultant satellite orbit change, given that it has long duration and occurs frequently during the declining phase of a solar cycle and solar minimum.
